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CRASHlw’uRY

By GerardJ. Pesmanand A. MartinEilmnd

Data frc?nfull-scaleexperiment&1airplanecrasheswere studiedto
determinehow impactinjuriesoccurand how the chanceof suchinjuries
may be reduced. The followinghazardswere considered: (1)being
crushed,(2)being struckby missiles,(3)strikingobjectsby tearing
looseor flailingabout,and (4)being injuredby the crashdecelerations.
Transport,cergo~fighter,ana iight&plane

INTRODUCTION

Peopleinvolvedin an airplanecrashcan

crasheswere studied.

be injuredby the crashim-
pact or by a firethatmay resultfrom the accident. The hazardsresult-
ing from the firewere appraisedby studyingdataobtainedas part of a
full-scaleexperimentalcrashfireprogram. Wme informationaboutthe
hazardsresultingfrom the impactwas alsoobtainedduringthat program
and is reportedin reference1. In a more recentprogramadditionalair-
planeswere crashedto determinehow impactinjuriesoccurand how the
chanceof such injuriesmay be reduced. Thismaterialis the subjectof
the presentpaper. .

In general,impactinjuriescome aboutin fourways. (1)The fuse-
lagemay be collapsedby the crashimpactand the occupantstrappedor
crushed. (2)The impactforcesmay be violentenoughto tear cabin
e~ipment looseand hurl it throughthe cabinto strikepeople. (3)The
peoplethemselvesmay move andbe thrownagainstthe seatbelt violently
enoughto break eitherthe belt,the seat,or seatattachmentfittings.
The detachedpeopleand seatscan thenbe hurledagainstobstaclesin
theirpathsand the peopleinjured. H the belt, seatstructure,and
attachmentsare strongenoughnot to fail,the peoplecan stillflail
aboutand strikenearbyobjects. (4)Even thoughnot injuredotherwise,
peoplemay still.be injuredby the suddenrapiddecelerationof a crash
impact. The studyof experimentalcrashdata in conjunctionwith a study
of actualcrashesprovidedinformationon all four impacthazards. The
experimentalcrashstudiesincludedtransport,cargo,fighter,and light
airplanesj thusthe resultsdescribedshouldapplygenerallyto all
a*lanes.

i
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The facilitiesand procedureused for the experimentalcrashesare
cmpletely descrtbedin references2 and 3. Briefly,the procedurewas
as foll.ow&:~ unmannedairplanewas guidedalonga rumq by slaving
the frontwheelto a steelmnorail in the centerof the runway. The
airplane’senginesacceleratedthe airplaneto approximatelytake-&f
speedby the time it reachedthe end of the 1700-footrunway. At the
end af the runwsyjthe airplaneran into speciallyprep-d barriersand
obstaclesthat producedthe destiedcraahevents. Unflared-landing,
ground-loop,and cart-wheelcrasheswere studied. Thesecrashesimposed
qpon the dummyoccupantsof the airplanesessentiallythe samecrashcon-
ditionsas thoseto which airplaneoccupantsare e~osed in sn accidental
crash.

The airplanesweremannedwith dummiesto loadthe seat structures
and the restrainingharnesses. Anthro@orphic dummieswere usedwke
the dummycouldmave and its motionaffectedthe resulthg loads. Where
the motionwas not a factor,rigiddummiesWhosemass distributionwas
similarto that of a humanbeingwere placedin the seats. The accelera- .
tionsof the airplsne,seats,and dumies were measured. Ioadsimposed
‘onthe restrainingharnesses~ the dummiesduringthe crashimpactwere
alsomeasured.

The motionof the a~lane duringthe crashwas recordedfrom sev-
ersl directionsby high-speedmotionpicturecsmerasso that it couldbe
studiedin detail. Wherepossible,motionpicturesinsidethe ai@.ane
were takenof the dummiesi action. The mtion pictures,the acceleration
and crashloadsdata,and a postcrashexaminaticmof the wreckagepro-

. tidedthe experimentaldataupon whichthis studywas based.

RESUU!SAND DISCUSSI~

Crushing is the firsthazarddiscussed,sincethe occupantsof an
airplanemust surviveor be protectedfrom thishazardbefcrethe remain-
ing hazardsneedbe ccmsidered.

Cr&hing of OccupiedZones
.
E an airplanestrikesthe groundm a largeobstacleapd the impact

loadsare greaterthanthe ultimatestrengthof the fuselagestructure,
then the fuselagecrushes. The amountof the fuselagethat crushesde-
~nds on the kineticenergythatmustbe extractedin stoppingthe air-.
plane (ref.3). Anexample cxl?suchcrusM.ngis_ by figurel. In
that eqxMmental crash,the airplanewas flownacrossa ditchand into
a moundof earthwith an impactangleof 30° (anangleof 30° between
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the airplanes
at the instant

trajectoryand the groundsurface). The
of impactwas about110 milesper hour.

3

airplanespeed
The photographs

of figure1, reproducedfrom a motionpictureof the incident,showa
successionof stepsin the crushingaction. Figuresl(a)to (c) show
that the fusehge structurewas not strongenoughto noticeablydeflect
the airplanefrom its originalpath;the fuselagecrushedcontinuously.
When the strongerwing and enginesupportstructurestruckthe ground
(fig.l(d)),the atrplane’spathwae chmged untilthe airplanewas moving
parallelto the groundand the crushingactionstopped. By thattime,
however,everypsrt of the fuselagestructureaheadof the wing, includ-
ing the coc~it, had been crushed. Jf the angleof impactand impact
speedare greatenough,any airplanewill crushin a similarmanner.
Survivalunder suchcircumstancesis improbable.

H the angleof impactis decreased,and the airplanehas a stronger
floorstructurelocatedwell.abovethe airplane’sbelly,thenthe occupied
zones=e less likelyto be crushed. The actionof an airplanes~cture
underthesecircumstanceswas studiedby the experimentalcrashof a car-
go airplane● In this e~erimentalairplanethe crewcompartmentwas lo-
catedin the upperpart of the fusela& aheadof the wing andhad a
strongfloor structurethat extendedthe full lengbhof the compdhent.
Otherpartsof the nose structure,however,were less sturdy.

The actionof this cargoairpl~ structureduringa crashimpact
is shownby the sequenceof photographsin figure2. Whenthe nose of
the airplanestruckthe ground,the weak understructurecrumpleduntil
the floorof the.crew compartmentwas reached(figs.2(a)to (c)). The
strongfloorstructurepreventedfurthercrumpling. Instead,the crew
compartmenthingedupward,liftingat the frout and hingingat a point
near the wing le-ng edge (fig.2(d)). The hiwiw =tion l~ed the
compartmentso that it was not in the directlinebetweenthe main mass
of the airplaneand the ground. The compdment thuswas not subjected
to the totalforcedeceleratingthe airplaneand consequentlywas mt
crushed. ..

The hingingactionapparentin the crashjustdescribedmightbe
deliberatelyemphasizedin designingthe atrplanestructure.The gen-
eralprincipleis indicatedby figure3. It is not implied,however,
thatthe structureshouldbe constructedas shown. H the forwardcom-
partmentis so constmctedthat it is essentiallya cantileverstructure
with a s@ong floor,then it can suppmt and liftthe occupants(fig.3).
E the compartmentis also designedso that it can hingeat a pointabove
the leaMng edge of the wing (pointA), thenthe comp-ment can hinge
and lift. The bottommembers(atpointB) shouldbe cor+ectedto cexry
the front-landing-gearloadsbut shouldbe weak enoughto breakwhen a
crashinQaCtOCCWS . Deliberatelyapplyingthisprinciplein the design
of an a.jrplanewouldbe difficultbecauseof conflictingstructuralre-
quirements.Any compromise,however,thatwouldfaverthis hinging-
iiftingprinciple
crushinghazard.

.....—— ..--.—— ——.

~ouldbe one stepthatwouldhelp to reducethe

—— .—. __. .— _ .— --- .-—
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Althoughhingingactionwouldhelp to
the initialimpact,thereis an additional
slidesalong,it tends”to ride up and over

NACA TN 3775

protectthe occupantsduring
problem. As the airplane
thecrumplinglowerstructure.

Sincethe lowerstructureis fastenedto that above,t~ upperstructure .
is alsopulleddownand underthe slidinghulk. In the crashof the car-
go airplane,however,the strongfloorstructureof the crewcompartment
combined”with the weakerlowerstructureallowedthe metalto tear at the
floorline. Consequently,the crewcompartmentwas not pulleddown and
underas was expected. The undertowand tearingactionere apparentin
figure4. Figure4(a) showsthe nose of the airplanejustbeforeit E
touchedthe ground. Soonafterthe firstimpact(fig.4(b)) a large

1P0.
wrinklehad formedin the fuselageskin (pointA), and the parallellines
paintedon the nosewerebent showingthatthe nose structurewas being
pulleddown. An instantlater (fig.4(c)),the understructurehad been
crushedup to the bottomof the Y paintedon the sideof the fuselage.
The nose structurehad separatedfromthe mainbulkhead(pointB).
.Crushingof the understructureand pullingunderof the nose structure
progressedrapidly(fig.4(d))untilthe understructurewas crushedand
torn awayalmostup to the floorlevel (pointC, fig. 4(e)). The nose
sectionhad been pulledcompletelyunderthe slidinghulk.

Whenthe understructuredoesnot tesr alongthe floorline,thenthe
occupiedcompartmentcanbe pulledunderthe slidingairplane. This action
iS shownby figure5. Immediatelyafterthe initialimpact,the nose sec-
tion of the airplane back to the frontcockpitbulkheadcrushed,lifted, “
and thenbrokefree. The loweredge of the cockpitthen dug intothe
groundand the cockpitbeganto pull down and underthe airplane.

.

When the airplanehad stopped,the cockpitappearedas.in figure6.
The remainsof the detachednosewreckageare shownat the right,the
cockpitwreckage,wings,and part of the fuselageon the left. Figure7
is a closerview of the cockpitzone. Pert of the cockpitstructurehad
been pulledunderthe airplane. The d-’s head,one shoulder,body,
and one thighcanbe seen. From the dumy ’sposition,it canbe seen
that it wouldalsohavebeen pulledunderif the airplanehad continued
to slide. Comparisonof the crushingactionin this crashwith that in
the cargoairplanecrashshowsthat if the forwardfuselagestructureis
designedto tesrfreebelowthe floor”line,as well as hingingand lMt-
ing,the crushinghaz~d is furtherreduced. Thisprincipleis shown
by figure8. Again,the figureportrWs the principle,not a suggested
structure.

Deliberatelyincorporatingthe lifting-hingingand the tear-line
principlesmay not be practical. If sny choiceis possible,however,the
designthatpermitsthe fuselageto hingeup duringthe initialimpact
and thatpermitsthe structureto tearfree at the floorline shouldbe
favored.

—-—— .— —...
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The crushingjustdiscussedis causedby the forwardmotionof the
airplane. If the airplaneslidessideways,or groundloops,then large
sideloadsare appliedto the fuselagestructure.Most transportair-
planeshave a circularor oval crosssectionthat can resistthese side
loadsratherwell. Ah@anes thatmust use a rectangularcrosssection
usuallycannotcarryheavy sideloads. The fuselageframingcollapses
sidewaysand crushesthe occupants.An examljkof such collapseis shown
by figure9. The a&plane groundloopedduringthe e~rimental crash.
The heavy steelinstrumentbox seenthroughthe rear doorkept the fuse-
lagefrom collapsingcompletely.

The collapseof secondarystructuresiuchas seats,or the partial.
collapseof the cabinstructure,can alsothreatensurvival. occupants
canbe trappedor pinnedin the wreckagealthoughthey M not be severe-
ly injured. An exampleis shownby figure10, which shows,a sideview
of a light-planefuselageafteran experimentalcrash. ~ dumy 1S foot
was pinnedin the wreckageby the buckledstrut. Its footwas bent up
nearlyparallelto its shin. A personin similarcircumstanceswould
not havebeen severelyinjured,but escapewouldhavebeen impossible,
and rescuewouldhavebeen clifficult. IX suchtrappingoccursduringa
dttchingor crashfire,the resultsmightbe fatal;- -

Missiles .

Even thoughthe crashforcesto whichan airplaneis
largeenoughto crushthe structure,the forcesmay still

—

exposedare not
be largeenough

to breakth attachmentfittingsfor equipmentlikefire extinguishers.-
Suchdetachedequipmentor otherloosearticlesbecomemissilesinside

.

the cabinbecauseof theirinertia. In one of the experiments,when mo-
tionpictureswerebeingtakeninsidethe cabinwhilethe sirplanewas
crashing,a recordwas obtainedof suchan event. FigureKl showssev-
eralframesfromthis mt ion picture. An escapehatchis shownbeing
thrownacrossthe cabinby the impactand strtiinga dummy.

Similsrincidentsoccurin actualaccidents.Duringone crash,the
fire extinguisherheldby bracketson the bulkheadhit the stewardess
seatedat her normalplace and knockedher unconscious(fig.12). This
hazsrdcanbe resdilyeliminatedby &signing the bracketsfor.sucheqyip-
ment to withstandthe crashimpactloads.

The frout landingwheelassemblyand the propellerscan alsoproduce
missilesthatmay enteroccupiedzones. H’ a nosewheel is torn offby
an obstacle,it canbe drivenback intothe airplane,or it may be tangled
with the debrisunderthe bellyand work its way throughthe floor. The
resultsof suchan incidentcanbe seenin figure13. Thisview was taken
lookingforwardin the fuselage. The nose gearenteredthe fuselagea few
feetbehindthe main forwsrdbulkhead. ~ nosewheel stfi canbe seen
protrudingfromthe floor.
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A closerview
view,the observer
throughthe floor.

of similarwreckageis shownby figure14. In this
is lookingdown at the landing-gearstrutand the hole
The forwardbulkheadis shownat the tm of the fig-

ure,the scuffstripson the floorat the bottomof the fi&re. The .

landing-gearstrut,the axle,and the guideslipperthatreplacedthe
frontlandingwheel in thesee~erimentslcrashescanbe seenprotruding
from the hole inthe flow.

Propellerbladesand fra@nentsof bladesthat arebroken off when
propellersstrikean obstaclecan appearas missilesinsidethe airplane. ~
The actionof steelpropellerbladesis shownby the photographsin figure m

Threepropellerbladeswere detachedfromthe propellerhub (fig.
~~b) ) and cut throughthe fuselage(fig.15(c)). They canbe seen
againstthe sky in figure15(d). An indicationof the damagesuchmis-
silescan do can be gainedfromfigure16, which showsthe holescut in
the fuselagewalls. Each openingis about1 footwide and 4 feet high.

Althoughthesemissilesare obviouslydangerous,fortunatelythe
penetrationsusuallylie withinan angleof about300 of eithersideof
the propellerdisk. Figure17(a)showsthe paths of the detached
propellerbladesfor four experimentalcrashes. The results‘fromfig-
ure 16 wee with thoseshownby figure17.

Forgedaluminumpropellerbladesbreak ofY at the tips insteadof
twisting out of the htis. Eachblsde canproduceone,two, or eventhree “
missiles. Thesefragmentsscatterover a wideranglebecausethey are
of smallermass and are thusmore easilydeflectedwhen the blade strikes
the ground. The pathsof thesefragmentsduring14 crashes=e shownby
figure17(b]. Few of the fragmentshave enoughkineticener~ to go

.

throughboth fuselagewalls. I&agmentsdeflectedthrougha largeangle
when strikingthe groundwouldbe more likelyto glanceoff the fuselage
wallsinsteadof ctitingthrough.

The hazardsof both landinggear and prope~er psrts as missiles
canbe reducedby locatingthe baggageholds,the galley,and coat-rack
and toiletcompartmentsin-the usual.paths of thesemissiles(fig.18).
Someaircraftmanufacturershave adoptedthis ideato a limitedextent.
The propellerblade hazardcan also~e reduced
in whichthe right-sidepropellerstuz%. This
reference1.

by reversingthe direction
remedyis discussedin

Obstacles

Thusfar the hasardof occupantsbeing struckby flyingobjectshas “
been considered.Injuryis alsopossibleM the peoplethemselvesmove.
Duringa crash,a personheldby a seatbelt aloneflailsaboutand
strikesobjectsnesr him. His hands,feet,and uppertorsoswingforward; “
his cheststrikeshis thighs;and then his head snapsdown. Thisflail-
ing actionis shownb a sequenceof photographstakendur~ an experi-

Tmentalcrash (fig.19 .

—.. _ -.. . —.— -.——— .—. ..
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The objectsa flailingpersoncan strikedependupon his physical
sizeand the belt stretch. The belt stretchcan be severalinches. Con-
sequently,severalobjectssuchas a seatback, cabinwall, instrument -
panel,or controlstickmay be withinthe rangeof a largeperson’sflail-
ing motions. Breakingarmsor legsby strikingan objectalthoughpainful
is seldomfatal. A skullfracture,however,is a seriousinjury.

A humanskull,strikinga solidsurfacewith a kineticenergy,of600
inchpoundswill be fractured(ref.4)i Sincea person’sheadweighs
about10 pounds,a velocityof only 18 feet per secondprovidesa hazerd-
ous energylevel. In the crashof figure19, the d-ts headwas travel-
ing about67 feet per secondwhen its chesthit its knees. Consequently,
therewas 14 timesthe minimumenergyneededfor a fracturedskull. To
eliminatepart of thishazard,the seatbacks of severalpresent@ air-
planes=e hingedto swingfcwwardor are made of easilydeformedmetal.
Somedeformedseatsfrom an actualaccidentare shownin figure20. Each
arrowpointsto a placewherean occupanthit and deformedthe seatback
thusbeing sparedmore seriousinjury. Figure20 and most of the photo-
-PhS thatfollow~re f~shed by the.AtiationCrashwury research
WXP of Conel-1University.

This groupis studyingthe importanceof head injuries. A prelimi-
n~ studyof 100 fatalitiesfrom 15 transportaccidentshas shownthat
54 percentof the fatalitieswere fromhead injuries,and an additional
21 percentfrom a combinationof he-d and uppertorsoinjuries. Among
the 136 survivorsof these sameaccidents,68.4percenthad head injuries.

E seatbeltsfail,or if the seatsbreak loose,then the occupants
. insteadof flailingaboutbecomefreebodiesinsidethe airplane. When

this happens,passengerspile up in the frontof the cabin. Figure 21
showsseatspiled in the frontof an airplaneafterthe passengerswere
removed.

Wreckagefrom anotheraccidentin whichmany seatspulledlooseis
shownin figure22. Brokenseatscouldhavebeen expectedin frontof
the break in the fuselage(fig.22(a))becausethe fuselagestructure
was severelydamaged. Aft of the break,however,the fuselagestructure
did not appearseverelydamaged,and littleseatdamagewouldhavebeen
~ected. Afterthe debrishad been removed,the cabina~eered as shown
in figure22(b). The floorwas badly deformed,and all the passengerst
seatsexceptthe aft four had come loose (fig.22(c)).

When peopleand seats-e torn looseand becomefreelmdiesin a
slidinghulk,they can strikesharp,pointed,or solidobstacles.Broken
seatpartsare examplesof obstaclesthat can cut and puncturepeopleas
they are thrownabout. An exampleof sucha spear,a brokentube from
the seatbade,is shownin figure23. A similarslearin the same

. .. ..- —-—— . —. ——,-... .-— _ —-——. . —. .
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crashproduceda woundabout3 incheslongthat extendedfrom the bridge .
of the victim’snose to beyondhis eyebrow. The crosssectionwas
roughlysemicircularand was about1/4 inch deep.

.

Tf’the seatsremainfixed,but a belt fails,then a yersontsfeet
can slMe underthe seataheadas shownin figure24. The tiertiaof a
person’sbody is a~lied to his shinswith the seat structureas a ful-
crum A lowerleg fractureis almostcertain. Such injurieshave oc-
curredend can be avoidedif the seatbeltsare made as strongas the
seats.

CrashIkcelerationForces

Even H the peopleand seatscanbe kept in theh places,however,
peoplemay stillbe injuredm killedby the crashdecelerations.Hence,
it is necessaryto knowwhet decelerativeforcesa humanbeingcan toler-
ate. The itiorumtfonavailablecomesfromboth animaland human studies.
A largepart of the dataare from Lt. Col. Stapp’shigh-speedsled
studies.

Of particularinterestare conditionsin whichthe stoppingforce c.

is appliedperpendicularto the spineend parallelto and compressing
the spine. Of interestalso is the tolerancewhen the occupantis free
to flax exoundthe seatbelt and the kineticsof his mcrtionbecomea

.

factor.

The toleranceto decelerativefaces perpendicularto the spineare
discussedfirst. The datafor this positionaxe summarizedin figure25.
Thesedata are for sub~ectsheldby a belt,thigh straps,a shoulderhsr-
ness,and a cheststrap. Althoughonlyforwsrd-facingdata are shownon
this figure,otherdata indicatethat the tolerancewouldbe the same
for the aft-facingposition. In this figure,the accelerationof the
seatis plottedagainstthe dumtion of the deceleration,the duration
being definedaa the sustainedplateaudurationd the deceleration(see
smellinsetin fig. 25).

Human subjectshave voluntarilybeen subjectedto decelerationsof
45 G~sfor intervalsup to 0.06 second. Aftere~osure the subjectwas
uninjuredand was immediatelyableto go on with his work. When the
durationwas increasedto about1 second,the voluntarytolerancewas
decreasedto about12 Gts. Theselimitsapplywhen the G onsetrate is
1500 G’sper secondor less. Onsetratesbelow 1000G‘s per secondare
preferable.

If minor injury,that is, injurysuchthat a personcanbe up and
aboutin a few days,is accept~le,the toleranceis raisedto the
dashedline (animaldata). Pigs havebeen deceleratedat 160 G~sper

.——. . .
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secondfor 0.004second. With increasingduration,the tolerancede-
creasesto about55 G’s for intervalsof 0.04 second(chimpanzeedata).
Withmaximumbody smoti and a head support,Col.Stapphas tolerated
25 G~s fur a full second. On the basis of his experience,Col. Stapp
has concludedthat a triangularpulsehavinga peak valueof 50 G‘s
and a O.2-secondbase value canbe toleratedwith onlyminor injury.
Consequently,thisthresholdlinecouldprobablybe revisedas shownby
the heavylinewithoutseriouserror.

The humanpointsat decelerationsof 140 to 200 G;s representfalls
thatwere not fatal. Exceptfor bonesthatwere brokenbecauseexlirem-
itieswere unsupported,therewas littleotherinjuryin thesecases.
Thesefailsshowthat unlessthe body supportis very complete,exposures
abuvethe dottedqnd revisedheavylinewill produceinjuriesthatrequire
relativelylong growthprocessesto repair.

In additionto the horizontalcrashloads,severeverticalcrash
decelerationsalso occurduringcrashes. Theseverticaldecelerations
imposecompressiveloadsparallelto the spine. For this reason,the
humantoleranceto theseloadsmust alsobe known. In figure26, seat
accelerationis plottedagainstdurationof the pulse,the time duration
againbeingthe sustainedplateaudecelerationvalue. The.restraining
harnessis baaicallya seatbelt and shoulderstrapsfor the lowercurve.
Sustainedaccelerationsof 16 G‘s for an intervalof 0.04 secondhavebeen
toleratedwithoutinjuryor shock. The tolerancethen decreasesto about
10 G;s when the durationis increasedto 0.1 secondand decreasesstill
furtherwith longerdurations. The datarepresentedby the broad level
linewere obtainedfrom a studyof the compressivestrengthof the spine.
In this studyfreshvertebrawere installedin a compressiontesting
machineand loadedjustto the crushingpoint. Thesedata indicatethat
a verticalload crf20 GYs couldbe toleratedwithoutinjury. The volun-
tary thresholdlinecouldprobablyhe movedup to thatvalue.

With no support,that is, no seatbelt or shoulderharness,people
were injuredwhen subjettedto 26 G‘s for about0.04 second. When people
were heldby seatbelts and shoulderharnesses,this e~osure waa tol-
eratedwithoutinjury(Afig. 26). Cm’rentliteratwe indicatesthat
Swedishpilotshavebeen ejectedfromhigh-speedairplaneswith accelera-
tionsof 25 G‘s withoutinjury. ~is informationhas not been verified,
however.

If the restrainingharnessis increasedto includechestand thigh
strapsand possibleminorinjuryis acceptable,the limitsincreaseto
the dottedline. Pigshave tolerated100 G‘s for aboutO.~2 second
withoutinjuryand were completelynormalin a * or two. The limit
dropsrapidlyto 40 G‘s, however, aa the durationis increasedto 0.05
second. Abovethe limitsdefinedby the dottedline,severeinjuryis
probdble.

-. .—— ———. —— ---
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Studyof injuriescausedby verticalloa@s*w thatverticalover-
loadson the spinefrequentlyproducewedge-typefr&ctures. Thesefrac-
turesoccurwhen the vertebraeare loadedeccentrically.

Figure’27(a)showstwo vertebraein thetinormalposition. The
faces,A and At, ere parallel. The interveningspaceis filledwith
cartilage.At B, the vertebhe averlapeach otherto keepthe spinein
alinement.Thereis an overlappingpair suchas this on each sideof
eachp- of vertebrae.

When the spineis bent or kinked,the relativepositionsof the
vertebraeare as shownin figure27(b). The cartilageon one side is
compressed.The overlappingalinementpartsbecomeseparated.A heavy
loadon the vertebraeis concentratedon the outsidecorners. The carti-
lage crushesor squeezesout. The cornersof the vertebraeshearoff in
a wedge shape. If the load is greatenough,the alinementparts mqr al-
so break. The vertebraecan then slidesidew~s, and a crushedor sev-
ered spinalcordresults. Suchan injuryis, of course,very serious.

The mannerin whichthe-spinebecomeskinkedso that it is loaded
to one sidemustbe considered.Ordinarily,a seatedpersonts spineis
arrangedas shownin figure28(a). The spineas supportedby ths seat
back forms~racticallya straightcolumn. The columnforcefromthe
spineis transferredthroughthe pelvisto the seat. The contactpoint
with the seatis not in linewith the spine,however;thus thereis a
momenttendingto twistthe pelvis. Increasingthe verticalload in-
creasesthe twistingtendency. IX the pelvismovesunderthis load,the
lowerpert of the pelvisslidesalongthe seatpan and the back of the
pelvisslidesdownthe seatback. The spinalcolumnthenbucklescon-
centrateing the vertical.load on a smallerareaof the vertebrainvolved
(fig.28(b)).

A longitudhalforce componentis generallypresentwhilethe verti-
calforce is being applied. Consequently,the momentumof the legs
placesan additional
alsotendsto rotate
coupleincreasesthe
spine.

Thereis alsoa
loadon the shoulder

coupleon the peltis,and the weightof the legs
the pelvisaboutthe seatbelt (fig.29). This
couplealreadytwisting the pelvisandbendingthe

thirdloadtransmittedto the spine. T& horizontal
harnessintroducesa verticalload overthe occu-

pant’sshoulder(fig.30).

Thisvertical10* is addedto the two loadsalreadyimposed. lY
thesecombinedloadsare greatenough,thenwedge-t= fractures,or
worse,result.

,

-1

.

u
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Consideringthe mannerin whichtheseloadsare appliedto the spine,
it appearsthat changingthe militarylap-belt- shoulder-kss cofii=-
tionmightreducethe unitverticalloadon the vertebrae. The addition
of thigh straps(fig.31) wouldkeep the pelvisfrom tipping. Thiswould
keep the spinalcolumnand pelvisvertical,keep the unit compressive
loadson the vertebraesmaller,and increasethe loadthe spinecould
carry. The animaldata (fig.26) showthat this additionwould increase
the tolerance. Experimentalhumandata are not availableto provethis
point,however. It seemsthat a cheststrapcouldalsoremovesomeof the
loadon the spine. The cheststrapwouldtake someof the horizontalload
off the shoulderhsrness. Thiswouldreducethe verticalcomponentof the
shoulder-harnessload. H the strapwere well.up underthe arm pits,it
couldalso help supportthe vertical.reactionof tha arms and shoulders.
Both of theseremedieshavebeen usedby Lt. Col. Stappto increasethe
toleranceto loadsperpendicularto the spine. Theymey alsobe useful
for loadsparallelto the spine.

For the transportpassengerwho wearsonly a seatbelt,the situation
is different.The occupant~smotionas his uppertorsoflexesoverthe
belt and strikeshis kneesand as his head snapsdown affectsthe loads
placedon theseparts. One wouldexpectfirstthattheremightbe severe
abdominalinjuriesbecauseof the heavybelt load on the abdomen,or
spinalinjuriesbecauseof extremebendingof the spine.

The AtiationCrashhjury groupof Cm@.1 Universityhas studied
the injuriesof 1000 survivorsof 670 lightplanecrashesto determine
whetherthe seatbelt injuresoccupants,and if so, in whatway (ref.5).
This studyshowedthat decelerativeforcesof ~out 12 to 15 G ts,the
limitof the belt strength,canbe toleratedwith littlelikelhd of
injury. Out of the 1000 survivorsonly *out 1 percenthad ‘lowertorso
injuriesfor whichthe safetybelt couldreaso~bly be consideredas a
directcause”. This 1 percentwas composedof three casesof intra-
abdominalinjury,and six casesof lbmbar-spinalinjury. Thereare no
datato shm how much greaterthe decelerationcouldbe withoutprobable
seriousinjuryto the lowertorso.

Next it is necessaryto considerthe occupanttstolerancewhen his
chesthits his knees. The toleranceto decelerationsperpendicularto
the spinehas been shownto be at least45 G‘s for shortintervals.It
wouldbe interestingto comparethis valuewith the decelerationmeasured
in the experimentalcrashin whichthe d- flexedover itsbelt. In
that crash,the firstmajor impactoccurred“ata speedof about100 miles
per hour. The peak longitudinaldecelerationmeasuredon the floorwas
about18 G‘s. The decelerationof the
spinewhen its chesthit its kneeswas
thenma aboutthreetimesthat of the
ceptedfor accelerationsperpendicular
limita humancan toleratewith a belt

d-’s chestperpendicularto its
52 G‘s. The chestdeceleration
f100I’. lYa45Glimit isac-
to the spine,it appe=s thatthe
slonemay be about15 G’s.

..- ..-. —_______ __ _ .— -——. _ -. — ———. —.. —.. - .
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Finally,considerthe head and neck.
withouta head supporthavebeen survived.

NACA TN 3775

Lineardecelerationsof 45 GIS w
With a seatbelt.however.

there is a rotarymotionin additionto the linesrforwardm&ion. -
Thereis, therefore,a centrifugalforceimposedon the neck in addition -
to the forcefrom the snapwhn apersonis cheststrikeshis knees. In
the exampleof the -’s action(fig.19),this centrifugalforcewas
about560 pounds. The dummy’shead alsohad,becauseof itsvelocity,
a kineticenergyof about700 footpounds. (Sincethe dummy’sweight
distributionwas similarto that of a humanbeing,the centrifugalforce
andkineticenergywouldbe the samefor a passenger.) Thisenergymust ~
be dissipatedin a-veryshorttime and distanceas the passenger’shead
STMPS downand st~s. This stoppingforcewouldbe ratherlarge. For

co

comparisonpurposes,when a personis executedby hanging,he is dropped
*out 6 feet. If a 170-poundman is assumed,thereis an energylevel
of about1020footpoundswhen the rope stopshim. (!oqming this
valuewith the combinationof 700 foot poundsof kineticenergyand 560
poundsof centrWugalforce justdiscussed,it appearsthatthe limitis
beingapproached.

Consideringthe entireupperpart of the body,then,it seemsthat
exposureto a decelerationof more than 15 to 20 G’s whenbeingheldby
onlya seatbelt may be dangerous.The kineticenergyacmmmul.atedby ,

the head canbe consideredto reducethe over-alltoleranceto fore and
aft decelerations.

The resultsof this
determinethe mechanisms

SUMMARYOF RFSULTS

studyof e~erimental,and accidentalcrashesto
of crashinjuryare summsrizedas follows:

1. Airplaneswhoseforwardcompartmentscanbend upwardwhen the
belly strikesthe groundin a crashand so avoidbeing crushedbetween
the mainbulk of the airplaneand the ground,andwhose lowerstructure
can tearfree alongthe floorline so that compartmentsare not pulled
downunderthe slidinghulk,are less likelyto crushthe occupants.

2. The collapseof seatsand otherstructurescan trap occupants
and preventescapeor hinderZescueeventhoughthe occupantis not
severelyinjured.

3. Attachmentfittingsfor cabinequipmentcan fail and allowthe
equipmentto become

4. The haz”ards
canbe circumvented
thesemissiles.

lethalmissiles.

of flyingpropellerpartsand the frontlandinggear u
by placingunoccupiedcompartmentsin the pathsof

.

-..—.—.
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5. Peopleheldby seatbelts alonecan strikeobstacleswhileflail-
ing aboutin a crash,and the ener~ availablein the head canbe several
timesthat requiredto producea simpleskullfracture.

6. A humanbeing can toleratedecelerativeloadsof 45 G‘s perpen-
dicularto the spine,and 20 G‘s of compressiveloadparallelto the
spineif adequatelysuppotied.

7. Additionalrestrainingharnessesto keepthe spinein proper
al.inementmay hold the occupantin a betterpositionto withstandverti-
C~ blows. .

LewisFlightPropulsionLaboratory .

NationalAdvisoryCommitteefor Aeronautics
Cleveland,Ohio,June 20, 1956
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(b)

(d)

i structureW Y?l@rterairplaneCrash.

.
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(a) Hingingmuvememtlm@ming.

——.—. —. -.. _ ___

(b) Muvement clearlynoticeable.

---— .—. —

(d) Maximum MJlglngmovement.

R@zre 2. - Im16in8 action of crew mpartma .

“

.- —.- —.— ——. — .-———. _________ ._ _ _ _.
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-3”- crusbmsi*t cabin Mftx atimpact.
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(a) (b) j Cs-lzmo/

(c) / cs-12101‘~

Figure 4. - Successivestsges d f’nselsgestructurebeing pulled
under Slwhlg Edrplane.

--- ..-— _ _ —.— -—— .— _____ ._ .— __ ____
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Figurs 5. - Destructionof p-‘ s c~ ●
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FiWZW 6. - Front fnsele6e etruch near17 pulled mder s~q
S&@?sle.
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. rigure7.- close-upoffrontfuselageSbxlctnre
under131iaingairplane.

.

j CS-U038 /

nearly pluea

_..l:z~_-.’.
--. .— .- s:_.-:......... ---

\

] CS-12047/—

Figure 8. - Crush resistantcabin with underslawcturetearing away.

.-. . . . . .. ——_ . .._ _ —.. -— —— — —— .— -- ..-. ——
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r INSTRUMENT BOX
SUPPORTING WING

AND -NACELLES
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NACA TN 3775

FQLue 9.- Mr@anO with re~ oross sectionafter ground-

loop crash. / cs-lla88/
.

Figure 10. - Foot trappedwb- etruotwxJ braoe.

/ CS-1203’7/

. . . . --



I’WCA m 3775

“

21

.,,

(a) Dummies instantW&cm impact. (b) Escape hatch mcving.

(c) Escape batch approachingdunuuy. (d) Eccape hatch ctriking-.

Figure 11. - Escape hatch str&img dummy.

.
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“mgurel.2.- - bracketforfireextinguisherwhich broke away
and struck stewardess.
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.
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●

nose
14. - Front lendinggear strut and guide sllpper (replaces
wheel) driventhroughfloor by craeh impaat.

.—. .—. . .. ._ —. _ — .—— —-— —.— ._ .._ _.
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~

(a)Fus@w lmfore bladesstrike olmtacl.a.
(b) Blades being detached.

I

(c) Hole cut in fuselageby blades.
(d) Three blades visible aga= ‘eky.

IH.gureI-5.- l?usela8ema by aetwh.eapropelhr blades.

.

.
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Figure16. - Hole cut in fhselegeby ~opeller blades., ] Cs-u?o!n/
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●BLADELODGED
IN FUSELAGE
FLOOR STRUCTURE

j Cs-lma f

(a) Penetrationby steelp?opellemlllaass duringfour cradles.

(7 / cs-12040/

(b) Penstratiollby forged alwnimlmpropellerfr&ments anrlng
fouxteencraahem.

.

Fi~e 17.- Propelleabladap~tion offuselage.
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RADIO AND NAVIGATING

COMPARTMENT
7 rALLEy T“’LET T=::;T

COM

Figure 18. - Cergo and unoccupiedzones placed
front landlng geer end propellerfragments.

/ cS-12039/

in path of
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(a)Positionat Inetantof impaat. (b) Torso bent fat-ward.

(c) Torso approa&@ lmees. (d) Head mapped down batweenknees.

Figure 19. - Flailing aoticm & atmmly.

.
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._

f CS-I.2031 f

Figure 20. - Seat backs made of easx deformedmetal whioh protect
passengersfrom impact Injury. (Photographsuppliedby Aviation
crash Injury group of CornellUnlverfJi@.).

,

i .,,

‘\ ,-,,

Figure 21. - Pailed seats torn loose and piled in front of oabln.
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[ Cs-lmi?j’/

(a)Aft fuselage structure.

(b) Mmrior Vi8u baking folwerd at C&iM.11floor structure.

.

.s*
to

,.

.

Figure 22. - Crash in which impactforces destrqed eeat attachment
fitt~s . (Photographssuppliedby Aviati~ Crash Injury group
of Cornell Ihm3rsity.)
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(c) Seat wreckageassenibledin originalrows.

/ CS-I.202S/

Figure 22. - c~luaea. Cra6h in which impaotforces destroyed
seat attachmentfilibinga.(Photograph suppliedby Aviation
crash Injury group of Cornell IJuLversi@.)
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.

/ 08-12032/

Figure 23. - W=-lfie POM formed by broken seat back tubing.
(=O~@l suPPlied by Aviaticm Crash In@ry SOUP of Cornell
Mvemsity.)

Figure 24. - shanksbroken by lever action.
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Figure 25. - Toleranoeto accelerationperpendicularto spine with
mxlmumboay eupJort.’
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TS UPON WHICH
PRESENT EJECTION
SEATS ARE DESIGNED

/ cs-12049/

Figure 26. - Tolerenoeto acceleration~1 to spine with lap
belt and ekulder Munees f
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(a)Vertebraeinmrmslposition.

Figure ~. - Meohaniem

TWISTING
M0t4ENT

I?ACA m 3775
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(b) Vertebrae in flexed position.

of spine-fraotures. , ,

*, ‘“//
.

/ /

(a) Spine in normal position. (b).spins h n-a p0t3itb.

.Figure 28. - 13ffeotof vertical load on spine and pelvis.
.
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Figure 29. - Reaotion of thighs> shenks>end feet on pelvls.
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: SHOULDER HARNESS

REACTION OVER SHOULDER

Flame 30.. Vsmticelreectionofeh~ km8ss
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THIGH

Figure 31. - Hf’ect of thigh etazlpon epine and pelvis.
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